Based on first-principles calculations, electronic properties of edge-functionalized zigzag graphene nanoribbons 
I. INTRODUCTION
Graphene, an atomic monolayer of bulk graphite, has potential applications in nanoelectronics due to its unique electronic properties. [1] [2] [3] However, two major difficulties remain in graphene-based devices ， manufacture of large-scale and high-quality graphene, as well as controlling of the electronic structures.
Recently, various experimental and theoretical researches about substrates, which support large-scale and high-quality graphene sheets in addition to opening a gap in graphene, seemingly have tackled the problems in graphene-base nano devices. Fine graphene sheets on various substrates, such as ruthenium, 4 copper, 5 and boron nitride, 6 have been produced successfully. A 0.26 eV band gap was opened for graphene sheets deposited on SiC substrate, 7 and was explained theoretically. 8, 9 In practical application, graphene-based nano devices must be supported on substrates, which impact on the electronic properties of
graphene.
Yet for meaningful applications, regularly patterned graphene nanoribbons (GNRs), instead of † E-mail: miaoling@mail.hust.edu.cn graphene sheets, should be more favorable in quasi-one-dimensional nano devices. GNRs were manufactured by chemical etching, 10 surface-assisted coupling of molecular precursors, 11 and unzipping of carbon nanotubes. 12 Moreover, GNRs on SiO2, the most popular dielectric medium in integrated circuits, 13 have been applied into devices. For example, field effect of sub-10 nm GNRs on SiO2 substrate has been explored, 14 and Bai's group produced 6-10 nm GNR-based field effect transistors (FETs) with SiO2 serving as dielectric material. 15 In these systems, band gap is opened for GNRs. 
II. CALCULATION METHOD
First-principles calculations based on density functional theory (DFT) 19, 20 were carried out by SIESTA code, 21 which implements the linear combination of atomic orbitals (LCAO) method. 22 The double-ζ basis set was adopted to ensure a good computational convergence. Generalized gradient approximation (GGA) was used with Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional. 23 Troullier-Martins scheme was employed for the norm-conserving pseudopotentials to represent the interaction between localized pseudoatomic orbitals and ionic cores. 24 The Brillouin zone sampling was performed using a set of k points generated by the 1×4×1 Monkhorst-Pack grid. 25 The energy cutoff was -3 -200 Ry, and atom positions were fully relaxed until the force on each atom was less than 0.05 eV/ Å.
ZGNRs were placed on different (0001) surfaces of α-quarts SiO2 in hexagonal crystal system, with lattice constants of a=b=4.913 Å. SiO2 slab was thicker than 7 Å to guarantee that it maintains bulk properties, 26 and the back side of the slab was passivated by hydrogen. The edges of ZGNRs were also passivated by hydrogen and decorated by various bivalent functional groups. A vacuum region ranging from 15 to 25 Å along c direction was set up upon the model and the distance between edges of ZGNRs in adjacent periodic box along a direction was about 10 Å.
Here we use n-ZGNRs (n-H-ZGNRs) to represent ZGNRs (H-ZGNRs) whose width is n. There are three different SiO2 (0001) to be metallic by some previous researches, yet recent studies believe that H-ZGNRs behave semiconductively owing to edge magnetization. 27 In our system, SiO2 substrate pins the edges of H-ZGNRs and suppresses the effects, so H-ZGNRs remain metallic. Compare band structures of H-ZGNRs on O1
surfaces and that of free-standing ones, the only disparity lies in the shaded projected bands of SiO2 substrate 3 eV below Fermi levels. High similarity indicates that properties of H-ZGNRs are hardly affected by the bonding to O1 surface and thus remain metallic. This metallic behavior is distinct from that of graphene sheet on O-terminated surface, which become insulators caused by the strong coupling of graphene to the substrate, according to some investigators. 13, 16 For further probe of the distinction, band -5 -structure of graphene sheet on O1 surface was calculated, which revealed obvious metallic property. In fact, SiO2 (0001) surfaces contain two kinds of O-terminated surfaces and they interact differently to graphene, leading to dissimilar band structures. Only one surface, O2 surface, was discussed by previous researches.
Binding energies between O1/O2 surfaces with H-ZGNRs were also calculated, showing more stable H-ZGNRs on O1 surface than O2 surface.
H-ZGNRs supported on O2 surface also make covalent bonds to surface. surface, and even-width H-ZGNRs with staggered edge atoms (A-B atoms in FIG. 4 (a) ) bonding to bivalent functional groups, exhibited varied electronic properties depending on edge states and width of H-ZGNRs. Moreover, the former could be introduced a relatively large band gap of about 1.0 eV, resulting from edge states changing to sp 3 hybridization and distorted lattice by interaction with substrate. As the width of H-ZGNRs get wider, the structures have narrower electronic band gaps and display a transition from semiconductive to metallic characteristics. The ZGNRs-on-quartz system exhibits a mixture of metal and semiconductor behaviors, could be applied to multifarious graphene-based nano electronic devices as conducting wire and FETs, etc. The results show a feasibility to fabricate whole nano integrated circuits on a insulated SiO2 substrate.
